There is a growing acceptance that tumor-infiltrating myeloid cells play an active role in tumor growth and mast cells are one of the earliest cell types to infiltrate developing tumors. Mast cells accumulate at the boundary between healthy tissues and malignancies and are often found in close association with blood vessels within the tumor microenvironment. They express many proangiogenic compounds, and may play an early role in angiogenesis within developing tumors. Mast cells also remodel extracellular matrix during wound healing, and this function is subverted in tumor growth, promoting tumor spread and metastasis. In addition, mast cells modulate immune responses by dampening immune rejection or directing immune cell recruitment, depending on local stimuli. In this review, we focus on key roles for mast cells in angiogenesis, tissue remodeling and immune modulation and highlight recent findings on the integral role that mast cells play in tumor growth. New findings suggest that mast cells may serve as a novel therapeutic target for cancer treatment and that inhibiting mast cell function may lead to tumor regression.
Introduction
The rate of development and growth of tumors is regulated by a delicate balance between proand anti-tumorigenic effects, stimulated by the tumor cells themselves, as well as the surrounding microenvironment. Local inflammation at the site of tumor growth results in the accumulation of a variety of cell types, and it is now generally accepted that these cell populations are intimately linked to the kinetics of tumor growth. Infiltrating cell populations include myeloid cells such as macrophages, neutrophils, eosinophils, mast cells and dendritic cells [1] , as well as T cells, NK cells and endothelial precursors, many of which are highlighted Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. elsewhere in this journal. As recently reviewed, there is a growing acceptance in the field that bone marrow-derived myeloid cells can play an active role in tumor growth and angiogenesis [1] .
Mast cells were recognized to infiltrate the interface between developing tumors and healthy tissues as early as 1891 by Westphal, a student of Paul Ehrlich, using early metachromatic staining techniques on primary tumors [2] . Since that time, they have been found to accumulate around and within many types of solid cancers and recently, mast cell function in developing tumors has been extensively reviewed, with varying suggestions that they may shift the balance either in favour of or against tumor growth.
Potential mast cell effects on tumor growth can be categorized as either direct effects on tumor cells, such as mast cell-mediated cytotoxicity, or indirect effects such as mast cell-directed angiogenesis, tissue remodelling of the neighboring environment and immune cell recruitment. These functions are often interlinked and difficult to separate as will be highlighted in this review. While classically, direct mast cell-mediated killing of tumor cells has been the focus of research and plays an obvious role in tumor growth, here we have chosen to focus on three novel areas of mast cell interactions with tumor cells; 1) mast cell effects on tumor angiogenesis, 2) mast cell-mediated tissue remodelling and 3) mast cell-dependent immune regulation via recruitment of immune cells and immunosuppression. The goal of this review is to provide a critical evaluation of the literature, suggesting a role for mast cells in tumor progression and highlight recent advances that suggest they may be viable therapeutic targets for cancer treatment. We will highlight the interplay between mast cells and infiltrating cell types in the tumor environment and the interactions that occur between the released molecules within the local stroma ( Figure 1 ).
Mast cells in the tumor microenvironment
Mast cells were first described in 1878 [3] and, like all hematopoietic lineage cells, originate from hematopoietic stem cells (HSCs) in the bone marrow. They are atypical however, in that they branch off very early from HSCs and exit the bone marrow as committed, but undifferentiated, precursors before trafficking through the circulation to their target tissues, where they ultimately undergo terminal differentiation [4;5] . Mature mast cells populate most tissues, but are found in highest numbers in the skin, airways and digestive tract [6] , where they are thought to act as a first line of defense against infiltrating pathogens and parasites. Over the past century, studies of mast cell functions have revealed diverse roles in tissue remodelling during wound healing and chronic asthma [7] , as well as inflammatory roles in conditions such as arthritis [8] , allergy and asthma [9] .
Data on mast cell function in developing tumors has largely resulted from mouse models of cancer, with complementary, correlative studies in human patients. As such, it is important to note that important differences exist between human and mouse mast cell subsets. In mice, mast cells are broadly distinguished as the short-lived mucosal or long-lived connective tissue subtypes based on: 1) their location 2) their complement of proteases, and 3) their growth factor requirements [10] . Human mast cells are generally distinguished as either those containing both chymase and tryptase, or those containing tryptase alone. We mention the subtype designation differences between mouse and human to draw attention to the variation across species. However, it should be noted that extensive work has demonstrated plasticity between mast cell subsets in tissues [11] [12] [13] , demonstrating that subtype classifications are not rigid and may be shifting within the tumor microenvironment. Thus, while characterization of mast cell subtypes within the tumor microenvironment may be useful in describing the cellular infiltrate, these classifications should not be considered to remain static throughout the development of a tumor.
Similar to the subtype distinctions between human and mouse mast cells, there are differences between the growth factors required for precursor expansion, with IL-3 driving development in mouse, and IL-6 in addition to IL-3 driving development in humans [14;15] . Differences also exist in the release of certain mediators such as TNFαmurine mast cells are suggested to be a more prominent source than human mast cells) [16;17] , and IL-5 (human mast cells produce larger amounts at sites of allergic inflammation) [18] . Differences in growth factor requirements and effector molecule expression may have major effects in the tumor environment and should be considered when applying data from mouse models to the human population.
Mast cells are now recognized as an early and persistent infiltrating cell type in many tumors, often entering before significant tumor growth and angiogenesis have occurred. They have been shown to accumulate in and around adenomatous polyps (precursors to invasive colon cancer) [19] and skin dysplasias [20] prior to tumor development and around many developing tumors, particularly malignant melanoma [21] , breast carcinoma [22] and colorectal carcinoma [23] . Much of the speculation on mast cell function in tumors results from findings in wound healing, allergic asthma and parasite infection, where their functions are generally better understood. However, recent work has focussed on the role of the mast cell within the tumor microenvironment, and their roles in cancer are becoming clearer.
Mast cells migrate toward supernatants from a number of tumorigenic cell lines, but not from primary cells or non-tumorigenic cell lines, suggesting tumor-intrinsic factors in mast cell recruitment across a range of tumor types [24] . More recently, stem cell factor (SCF) produced by tumor cells in vivo has been implicated in mast cell accumulation at the periphery of developing tumors [25;26] . SCF over-expression in developing mammary tumors increases mast cell accumulation at local sites of tumor growth, whereas inhibition of SCF expression results in decreased mast cell accumulation and decreased angiogenesis [25] . In addition to tumor-specific homing, mast cell progenitors home constitutively to mucosal tissues including the gut [27;28] and mast cell accumulation also occurs at sites of inflammation in allergic asthma, wound healing and parasite infection [29;30] . Thus, the tissue site of tumor development and localized inflammation also likely contribute to mast cell recruitment via tumor-independent pathways. Intriguingly, the majority of reports on mast cell accumulation in tumors show the presence of mast cells predominantly at the tumor periphery, at the interface with healthy tissues, rather than within the tumor [21;31-37] . Often these cells are associated with vasculature in the healthy regions surrounding malignant tissues, leading to the suggestions that mast cells play a pro-angiogenic role. The scarcity of mast cells within the tumor core has been suggested to be a histology artefact, resulting from mast cell degranulation leading to "ghosts" following staining [38;39] . However, as peripheral mast cell distribution has been reported in studies using a wide variety of histological stains ranging from toluidine blue and chloracetate esterase to immuno-staining for tryptase, VEGF and other markers, this seems unlikely to be true in all cases.
Peripheral mast cell localization suggests that recruitment occurs either from a) resident mast cells migrating from neighbouring healthy tissue or, b) de novo recruitment of mast cell progenitors via healthy vasculature close to the tumor site (but not through tumor vasculature) or both. While we recently showed that efficient mast cell migration is a critical feature for their function in the tumor environment in the gastrointestinal tract [19] , the original location of these migrating mast cell populations during active tumorigenesis has not been addressed. Few studies, if any, have specifically investigated the origins of tumor mast cells (i.e. local resident migration vs. blood infiltrate), and these findings could have important implications on future mast cell-based tumor therapies.
Difficulties interpreting the significance of mast cells within tumors have been compounded by the fact that many reports have failed to characterize them as potential infiltrating cells. As we have shown, many of the tumor-infiltrating stromal cell populations that have been studied express mast cell markers [19] . For example, reports of immature myeloid cells (iMCs) recruited to the front of developing tumors described these cells as expressing CD34, CCR1, MMP2 and MMP9 [40] , all of which are expressed by mast cells at different stages in development [41] [42] [43] [44] [45] . This is just one example of the emerging cell types thought to play a role in tumor growth, and we suggest that in many reports mast cells may, in fact, be the key support cells within the tumor. In addition to the afore mentioned molecules, mast cells also express CD45, c-kit, Sca-1 and low levels of CD11b [42;46;47] , all of which are shared with other groups of tumor infiltrating cells, making it difficult to compile findings on mast cell association with tumor progression (Table 1 ). The variability across reports makes it understandably hard to predict the direct effects of tailored drug treatments aimed at modifying specific infiltrating cell functions.
Human Patient Samples
Difficulties aside, while it is clear that mast cells accumulate around many types of tumors, there are conflicting reports on the prognostic value of mast cell numbers within tumors (as assessed from biopsies) on patient survival [23] . In the majority of human tumors, higher mast cell numbers are associated with greater vascularity, and sometimes (but not always) decreased patient survival [48;49] . A large study of 331 rectal cancer patients found that the presence of low mast cells numbers (0-3 in 30 fields) in tumor samples was associated with better patient survival [50] . In addition, several studies of mast cell infiltration in Hodgkin lymphoma also demonstrated a poor prognosis associated with infiltration of CD30L-expressing mast cells [51] . Intriguingly, this effect appears to occur independent of mast cell-mediated effects on angiogenesis [52] , potentially via direct interaction between mast cells and Hodgkin and ReedSternberg cells expressing CD30.
However, the association of mast cell infiltration with poor prognosis depends on the type of cancer studied and several large human studies have demonstrated the opposite effect, showing a correlation between high mast cell counts and improved prognosis. In two recent studies, one of 187 breast carcinoma [53] and the other of 348 invasive breast carcinoma samples [54] , high mast cells numbers in tumor stroma was associated with an improved prognosis. A study of 175 patients with non-small-cell lung cancer also demonstrated a correlation between improved prognosis and the presence of mast cells in islets, but not surrounding stroma [55] . These studies suggest an anti-tumor role for mast cells and likely reflect the ability of infiltrating mast cells to mediate direct tumor killing. It suggests that in certain tumor environments, anti-tumor functions may supersede the tumor promoting functions that will be discussed further in this review. It is important to acknowledge these findings when discussing mast cell-targeted therapeutics, as mast cells may play very different roles in different tumor types and stages. Thus, therapies interfering with mast cell function may have very different outcomes across a range of cancer types.
Mouse Tumor Models
In mouse models, mast-cell deficient W/W v mice exhibit decreased tumor growth at early stages in a B16 melanoma model, which could be recovered by reconstituting mast cell populations [56] . However, to date very few studies have evaluated the growth of different tumor types in W/W v or other mast cell deficient mouse models, and it remains unclear whether this observation is universal across a range of tumors or applies directly to human tumor growth. Interestingly, similar to the conflicting roles for mast cells in human cancer patients, a recent article on the effects of imatinib mesylate (Gleevec) in a mammary adenocarcinoma tumor model in mice demonstrated increased tumor growth when mast cell-derived heparin was inhibited [33] .
These studies highlight that mast cells play a complex role in the tumor environment, and a better understanding of mast cell function will undoubtedly improve both the treatment of cancer and patient health. However, currently specific knowledge in many types of human cancers and factors involved in balancing mast cell pro-and anti-tumor effects remains lacking.
Mast cells and angiogenesis
Angiogenesis is integral to tumor development, providing nutrients necessary for cell growth [57;58] and is required for tumor growth > 1 mm 3 [59] . In addition, angiogenesis is a necessary step for metastasis of solid tumors to distal sites in the body [60] . For many years, mast cells have been known to accumulate around blood vessels during homeostasis [61] [62] [63] and produce pro-angiogenic compounds [31;64] , leading to suggestions that they play an important role in tumor angiogenesis as reviewed in [1;39;48;49;59] . Recent studies have also suggested that mast cells play an important role in the "angiogenic switch" during tumor growth [34] .
Mast cells synthesize many pro-angiogenic molecules, including VEGF [65] , bFGF [64] , heparin [66] , histamine [67] , TNFα [68] and various proteases, as well as ANG-1 [69] (Table  2 ). In addition, in vitro studies have shown that addition of whole mast cells can drive neovascularization in the CAM assay [70;71] , a rat mesentery assay [72] and a limb ischemic reperfusion assay [73] . These studies have demonstrated that vascularization requires mast cell granular components, while the presence of mast cell membranes alone is insufficient [71] . Several studies have also suggested that SCF, which attracts mast cells into the tumor environment, also increases mast cell release and production of both VEGF and bFGF [25] .
Coussens et al. [34] suggest that mast cell infiltration into a developing tumor triggers an "angiogenic switch"; at early stages in tumor development, mast cells direct angiogenesis in the developing tumor, while at later stages tumor cells take control of growth and angiogenesis and growth becomes mast cell-independent. Using a transgenic mouse model expressing HPV16 early region genes in basal keratinocytes, which develop tumors over the course of the first year of life, they showed accumulation of mast cells increased at the hyperplastic stage of tumor growth, with localization proximal to small blood vessels [34] . Mast cell density increased near angiogenic lesions, during stages of intense angiogenesis, but remained absent within the tumor mass itself [34] . The mast cells residing near developing tumors expressed mMCP-4 and mMCP-6, and addition of mMCP-4 alone was sufficient to stimulate an angiogenic phenotype when coincubated with a hyperplastic skin sample in vitro, while mMCP-6 exhibited a role in tissue remodelling, as discussed in the next section [34] . This study highlights the key role that mast cell-derived mMCP-4 and mMCP-6 play in tumor growth and spread.
Recently, we showed the presence of both connective tissue and mucosal (intraepithelial) mast cell subtypes in developing colorectal polyps [19] . The screening of human polyp tissue samples demonstrated an unusually high frequency of mast cells in developing polyps compared to neighboring healthy tissue. To confirm a functional role for mast cells, we used APC Δ468 mice and a transgenic mouse overexpressing an inducible, stabilized β-catenin in intestinal enterocytes; two independent hereditary models of polyposis [19] . In both strains of mice, developing polyps were rapidly infiltrated by CD34 + mast cells, in a T and B cellindependent manner (demonstrated by crossing to Rag2 −/− mice). Staining confirmed the presence of both connective tissue and intraepithelial, mucosal type mast cells in the developing preneoplastic lesions [19] . Interestingly, the latter appeared to dominate at the site of newly developing polyps, while the former were more prevalent in the stroma at later stages of invasive tumor development, suggesting a switch in mast cell subtype during tumor development. Pharmacological intervention with anti-TNFα antibodies resulted in fewer polyps, reduced polyp growth and decreased mast cell infiltration, even when administered after polyp formation had commenced [19] . Reconstitution of W sh /W sh mast cell-deficient mice with Cd34 −/− Cd43 −/− bone marrow also resulted in a decrease in polyp growth, compared to mice reconstituted with wildtype bone marrow [19] . Our previous work demonstrated highly impaired mast cell migration in the absence of CD34 and CD43 expression [41] and these findings suggest a requirement for mast cell precursor migration from the bone marrow to the tumor site to promote and sustain early tumor growth. This study also demonstrates the important role of TNFα in mast cell function within early neoplastic growths, and suggests that inhibition of mast cell function or migration in developed tumors may be sufficient to slow growth and induce regression. In addition, a more recent study has shown that macrophagederived TNFα has direct effects on promoting tumor growth by activating Wnt signalling in K19-Wnt1 transgenic mice [74] . Thus, inhibition of TNFα may have beneficial effects by suppressing both mast cell activation and tumor growth directly.
A similar study by Soucek et al. [35] suggests that CCL5 production in developing tumors triggers mast cell recruitment to the periphery of pancreatic islet tumors. Through transcriptional profiling of Myc-dependent inducible and reversible pancreatic β-cell carcinomas, this group demonstrated the induction of several chemokines in developing tumors, including CCL2 and CCL5 [35] . Since CCL5 acts as a mast cell chemoattractant [75] , the group evaluated mast cell accumulation in developing pancreatic tumors. Myc activation resulted in a rapid recruitment of mast cells to the tissue surrounding the pancreas, although not into the islets themselves [35] . Tumor expansion was shown to be mast celldependent, with decreased tumor growth and increased tumor cell apoptosis in both W sh / W sh mast cell-deficient animals and in wild type mice following intervention using cromolyn, a common inhibitor of mast cell degranulation [35] . The tumor environment in animals lacking mast cells was hypoxic, whereas the presence of mast cells was correlated with extensive angiogenesis and growth. Importantly, addition of cromolyn after Myc-induction resulted in regression of tumors, demonstrating a continued requirement for mast cell degranulation in tumor maintenance [35] . These results combined with our findings, suggest targeting mast cells, even after tumor induction, as a strategy to trigger tumor regression and block tumor growth.
Finally, a study performed by Nakayama et al. [69] demonstrates a clear role for mast cell derived angiopoeitin 1 (Ang-1) in a mouse model of multiple myeloma. Ang-1 and VEGF-A expression were found in murine mast cells, along with high levels of VEGF-A expression by two plasmacytoma cell lines [69] . In implanted Matrigel plugs, vascularization was induced in the presence of bone marrow-derived mast cells and plasmacytoma cells, with little angiogenesis in the presence of each cell type individually and this effect was inhibited by addition of antibodies against Ang-1, VEGF-A or both [69] . Following injection into Balb/c nude mice, mast cells greatly increased both plasmacytoma tumor size and vascularization [69] , suggesting mast cell-derived Ang-1 plays a potent role in promoting angiogenesis in multiple myeloma.
These recent studies demonstrate the effectiveness of mast cell-targeted interventions in several tumor models, and confirm that mast cells are not merely innocent bystanders in the tumor environment. Mast cells express a range of potent pro-angiogenic factors (Table 2) , are associated with vessels in developing tumors in humans and have been shown to be integral in tumor angiogenesis in mouse models. Mast cell-targeted approaches could limit angiogenesis in developing tumors, resulting in increased tumor cell apoptosis and decreased tumor growth and metastasis throughout the body.
Mast cells and tissue remodelling
In addition to producing pro-angiogenic compounds, mast cells are major sources of proteases, which act on the surrounding extracellular matrix (ECM), and have been demonstrated to play a role in tissue remodelling during wound healing [7] and in autoimmune inflammatory arthritis [76] (Table 2) . It has been suggested that in the context of developing tumors, the ability of mast cells to remodel tissues is subverted, disrupting surrounding ECM and increasing tumor spread [77] . In addition to providing room for tumor spread, the disruption of local ECM leads to the release of matrix-bound factors including SCF and FGF-2, and thereby increases endothelial cell migration and proliferation and likely promotes angiogenesis, tumor spread and growth [78] [79] [80] [81] .
In the study by Coussens et al. mentioned above [34] , release of mMCP-4 (chymase) and mMCP-6 (tryptase) by mast cells were both demonstrated to play roles in tissue remodelling. mMCP-6 was found to stimulate dermal fibroblasts, inducing DNA synthesis in quiescent cells and also increased α-1 collagen production in MC-rich areas in vivo [34] . In addition, mMCP-4 was shown to activate progelatinase B (MMP9) early in tumor development, further inducing ECM remodelling. In turn, mMCP-4 and MMP9 activity led to release of bound pro-angiogenic compounds from the ECM, highlighting the tight link between tissue remodelling and angiogenesis [34] . For an extensive review of mast cell proteases (MCPs) and their functions see Stevens & Adachi [82] .
Huang et al. demonstrated that tumor-derived SCF both recruits mast cells to the tumor environment and also activates them [26] . SCF-knockdown in an H22 hepatocarcinoma model led to decreased tumor growth, correlated with a reduction in mast cell accumulation in the developing tumors, suggesting a role for SCF in mast cell recruitment [26] . Interestingly, injection of bone marrow-derived, cultured mast cells directly into the tumor site was not sufficient to recover tumor growth. Thus, there is an additional requirement for SCF to activate recruited cells following their migration to the tumor site [26] . SCF-stimulated mast cells released active MMP9 into the local environment, disrupting ECM and released further matrixbound SCF, acting as a positive feedback loop on mast cell activation within the tumor [26] . Activation by high levels of SCF in vitro led to upregulation of the proinflammatory genes such as IL-6, TNFα and VEGF, which could be inhibited by antibodies against the SCF receptor, c-kit [26] . In addition, mast cell presence resulted in a shift towards increased IL-10 expression, increased Treg cell numbers within the tumor and suppression of T lymphocytes and NK cells, suggesting roles in immune suppression, which will be discussed in the next section [26] . This study illustrates a clear feedback loop whereby mast cell recruitment by SCF can stimulate localized tissue remodelling, which in turn results in further SCF release and ultimately in modulation of local immune responses.
Mast cell roles in tissue remodelling have obvious beneficial effects in wound healing but, in the tumor environment, promote tumor growth and spread. In addition, as shown, their role in remodelling demonstrates obvious links to angiogenesis and immune regulation highlighting the diverse range of functions that mast cells can have in a developing tumor environment. Further, these findings suggest that local stimuli within the microenvironment can alter these functions to shift the immune response.
Mast cells and immune activation/suppression
Within the developing tumor environment, mast cells do not act alone, and while little data exists on their interactions with resident immune cells in cancer specifically, much is known about their ability to recruit and activate immune cells in other disease models [83;84] . Mast cells have been recognized for their ability to recruit eosinophils and neutrophils and to activate adaptive T and B cell responses. In addition, mast cells have been reported to express antigen presentation molecules, suggesting a potential role in initiating adaptive immunity, and thereby potentially modulating tumor rejection (Table 2) Upon activation, mast cells express antigen presentation molecules, such as MHC class II and costimulatory molecule CD28, and activate T cells in vitro [85;86] . However, their relative importance as key antigen presenting cells in vivo remains controversial. Their presence at tissue boundaries ideally positions mast cells to be among the first immune cells encountering invading pathogens and parasites, and they have been suggested to play a role in initiating immune responses. Similarly, their presence at the boundaries of tumors could serve to initiate rejection by activating anti-tumoral T and NK cells, although it remains unclear whether this occurs.
Several findings suggest that the presence of mast cells may promote initiation of tumorigenesis. In the skin, mast cells degranulate in response to UV-B exposure, suggesting a potential link between UV exposure and skin cancer onset. Local mast cell degranulation leads to neutrophil recruitment [20] , as well as UV-B induced elastosis [87] . In addition, mast cell degranulation is linked to localized UV-B-induced immunosuppression [21] . Following UV-B exposure, cis-urocanic acid (cis-UCA) and nerve growth factor (NGF) activate neuropeptide secretion from sensory nerves, which in turn induces mast cell degranulation [88] . Mast cells release TNFα and histamine [89] , activating local keratinocytes to release PGE 2 . Finally, PGE 2 triggers release of IL-10 by dendritic cells, which plays an immunosuppressive role [90] . These findings demonstrate that UV exposure results in a number of mast cell-mediated effects, including immune cell recruitment, suppression and facilitating tumor initiation. Interventions blocking mast cell degranulation during UV exposure may shift responses from immune suppression during early tumorigenic events and promote active immune responses against malignancies.
In addition to roles as antigen presenting cells, mast cells are able to recruit and activate various immune cells, particularly eosinophils. In an asthma model, we demonstrated that defective mast cell and eosinophil migration (through loss of CD34 expression), resulted in reduced infiltration of both cell types as well as macrophages and lymphocytes into the lung, suggesting an integral role in immune cell recruitment [91] . Intriguingly, eosinophils have also recently been suggested to play active roles in tumor rejection.
In a mouse model of melanoma metastasis, eosinophils infiltrate developing tumors in the lung, degranulate and cause tumor regression when present in a T H 2-shifted environment [92] . Eosinophils migrate into the core of solid melanoma tumors and occupy the necrotic region of the tumor, suggesting a possible role in tumor cell killing [93] . In addition, MC-derived IL-5 promotes eosinophil survival and results in high eosinophil numbers in the fibrotic capsule surrounding many tumor types [94] . Intriguingly, mast cell-derived mMCP-6, which was mentioned in relation to tissue remodeling, was also recently shown to be critical for eosinophil recruitment during parasite infection, and may play a similar role in the tumor environment [95] . In vitro, eosinophils can initiate killing of tumor cells and decreased tumor growth has been observed in mouse models of eosinophilia [94] . The ability of eosinophils to play major roles in modulating immune cell recruitment and antigen presentation was also recently reviewed, revealing many similarities between mast cells and eosinophils [96] . We suggest that mast cells recruit eosinophils into developing tumors and modulate their ability to kill tumor cells. Thus, when considering the role that mast cells play in the developing tumor, it is also important to consider not only direct mast cell function, but also downstream effects of mast cell-mediated immune modulation.
In addition to interactions with eosinophils, mast cells also activate and modulate T cell function. Mast cell-derived lymphotoxin supports lymph node expansion during immune responses, while mast cell-derived TNFα promotes hypertrophy of draining lymph nodes [97] and modulates dendritic cell migration [98] . In addition, mast cells promote lymph node hypertrophy independent of TNFα release [99] . Intriguingly, mast cells also appear to interact with Treg cells, with reports that Treg cells recruit and activate mast cells during immune suppression [100] , or alternatively may suppress mast cell degranulation depending on local stimuli [101] .
A recent study suggests that mast cells activate T cells via TNFα release and through cell-cell interactions via OX40L [86] . Nakae et al. demonstrated expression of the B7 and CD28 costimulatory molecules and OX40L on bone marrow cultured mast cells in vitro. OX40L expression was also slightly upregulated on C57Bl/6 mast cells following activation by IgE and Ag [86] . In culture, T cell activation was promoted more by secreted TNFα, derived from mast cells, than membrane bound TNFα, suggesting mast cells may be able to modulate T cell activation at a distance in the tissue. Exposure to secreted TNFα also resulted in increased OX40 levels on CD3 + T cells [86] . In turn, the interaction between OX40 on T cells and OX40L on mast cells via direct cell-cell contact initiated T cell proliferation, which was inhibited with antibodies against OX40L [86] . These studies demonstrate several mechanisms whereby activated mast cells activate T cell responses through both direct and indirect interactions, which may carry over to T cell activity in the tumor microenvironment.
Most of the research supporting mast cell roles in immune modulation result from mouse studies in non-tumor situations. These studies have found a diverse range of interactions between mast cells and other hematopoietic cell types (many of which are being reviewed separately in this issue) and suggest a prominent role for mast cells not just as immune effectors, but also in modulating the immune response in the tumor microenvironment. Many of these complex interactions likely contribute to the differences seen across studies on whether mast cells promote or inhibit tumor growth.
Discussion
The significance of mast cell functions within the tumor environment are only beginning to be revealed and it is important to recognize that these roles likely vary based on tumor type, stage and interactions with other cells in the microenvironment. While mast cells can have roles in angiogenesis, remodeling and immune regulation in many situations, the ultimate result of all of these effects on tumor growth will vary depending on specific circumstances. Mast cells are recruited early in tumor development and play a key role in both angiogenesis and tissue remodeling, facilitating tumor initiation and growth. As tumor growth progresses, mast cells recruit immune cells or alternatively suppress anti-tumoral responses (Figure 2 ).
Our ability to apply new knowledge of mast cell function in tumor growth is still limited by three factors; 1) differences between mouse and human mast cell function, 2) variability in staining and marker usage across studies and 3) the paucity of data demonstrating causal relationship between mast cells and many types of primary human tumors.
While many of the differences between human and mouse mast cells appear quite subtle, they can have major effects on the development of mast cell-directed therapies. It remains unclear whether the key molecules driving mast cell infiltration and activation in the mouse system will translate to the human system. Differences in staining techniques and marker usage between reports make it difficult to determine which cell populations actually enter the tumor. As "novel" subsets are characterized within tumors based on varying cell marker combinations, distinctions between these populations become increasingly difficult. These differences, in turn, make it difficult to assign functions to specific cell types and hard to predict the effects of tailored drug regimens.
Finally, as with all mouse model research, findings must be translated into human patients. Data on mast cell presence and function in a range of human tumors will provide insight into both mast cell function and ultimately the treatment of human disease.
Concluding Remarks
Recognition of mast cells as integral to tumor growth opens an avenue for novel approaches to cancer therapies or combination-therapies to decrease tumor growth and metastasis in patients. As we have highlighted in this article, preliminary studies using antibodies against ckit [26] , TNFα [19] , VEGF-A [69] or Ang-1 [69] or administration of cromolyn [35] in mouse models demonstrated promising results, even if administered after the initiation of tumor development. Using compounds known to modify mast cell function and already in use for the treatment of human diseases (e.g. STI571 (imatinib mesylate, Gleevec) and cromolyn, it may be possible to get mast cell-targeted therapies into the clinic quickly for cancer treatment. STI571 is already in use for certain gastrointestinal stromal tumors and some varieties of mastocytosis, while cromolyn has been administered with very limited side effects for various allergic inflammatory conditions [102] [103] [104] . A number of new cancer therapeutics, which target c-kit and other mast cell-associated molecules, was also recently reviewed by Galinsky & Nechushtan [105] . These include sorafenib, suntinib, pazopanib, axitinib and dasatinib, which are all targeted against c-kit and are currently in clinical trials. Clinical trial findings using these new drugs have reported promising effects demonstrating that targeting mast cells in a viable approach to treating cancer.
In addition, compiling data on tumor growth in individuals already taking drugs affecting mast cell function for pre-existing conditions would also provide insight into mast cell function in human cancers. This analysis could provide pilot data on the applicability of mast cell-based interventions and provide warning of potential side effects in future drug trials.
By characterizing cells within tumors using a range of markers, and data derived from mouse models of cancer, we gain an improved understanding of the diverse interactions that occur with a growing tumor. Through this understanding, the development of novel therapies to alter mast cell function in the tumor environment could inhibit angiogenesis and tissue remodelling, reducing tumor growth and activate the immune system to clear developing malignancies, while inhibiting mast cell-mediated immune suppression and promoting direct killing of tumor cells by mast cells. TNFα [68] MHC II [85] Costimulatory molecules [85] OX40L [86] 
